• Context While numerous studies have considered the effects of initial planting spacing on wood properties, little is known about the properties of trees grown from dense natural regeneration and the effects of early release from competition.
Introduction
Natural regeneration of Sitka spruce (Picea sitchensis (Bong.) Carr.) has become a common feature of many clear-felled sites in Scotland and is increasingly seen as a potentially costeffective alternative to replanting (Macdonald et al. 2010 ). On open sites where conditions are favourable, Sitka spruce is capable of regenerating at high stocking densities of over 100,000 stems per ha (Clarke 1992) . Current management recommendation for dense, naturally regenerated Sitka spruce is to re-space to around 2,000-2,500 stems per ha when the stands are 1.5-2 m in height (Mason 2010) . However, it is not known what effect early re-spacing has on future wood properties of Sitka spruce. Investigations examining wood formation in trees released from intense competition by re-spacing are relatively rare. Renninger et al. (2006) studied 12-18-yearold Douglas fir (Pseudotsuga menziesii (Mirb.) Franco) and western hemlock (Tsuga heterophylla (Raf.) Sarg.) trees released from suppression and found that, in addition to greatly increased growth, earlywood width was around four times greater following release and wood density declined by 20 and 11 % for Douglas fir and western hemlock, respectively, although the authors pointed out that density remained within acceptable limits for typical applications.
Trees within young, densely stocked stands are likely to experience a period of restricted growth (Oliver and Larson 1996) that in turn may influence the size and properties of the juvenile core (Cregg et al. 1998; Renninger et al. 2006) . Juvenile wood in conifers is generally thought to form during the first 10-20 growth rings from the pith and is associated with timber of lower stiffness or modulus of elasticity (MOE), strength or modulus of rupture (MOR) and dimensional stability (e.g. Dinwoodie 2000) . While the boundary between juvenile and mature wood is gradual and varies depending on species, it is thought to occur around rings 12 and 13 in both Sitka spruce (Brazier and Mobbs 1993; Cameron et al. 2005) and Norway spruce (Picea abies (L.) Karst.) (Pape 1999) . A greater proportion of juvenile wood in the stem is associated with wider initial spacing (e.g. Brazier and Mobbs 1993; Moore et al. 2009) , and its extent is exacerbated by high growth rates (Macdonald and Hubert 2002; Cameron et al. 2005) . There is evidence that MOE of juvenile core wood of Pinus radiata (D. Don.) increases with increasing stocking density from less than 1,000 stems per ha to around 2,500 (Lasserre et al. 2004; Waghorn et al. 2007) , and similar results have been found in spacing studies in other species (e.g. Wang and Ko 1998; Zhang et al. 2002) . A study by Moore et al. (2009) considered the effect of an early noncommercial thinning or re-spacing of planted Sitka spruce, initially spaced at 1.83×1.83 m to a series of wider spacings up to 5.49 m at age 11 years, on the physical and mechanical properties of structural timber. They found that MOE and MOR declined with increased spacing, but density remained unaffected. These studies are based on much wider initial spacings than typically observed for naturally regenerated seedlings, and comparisons should be treated with caution.
Although dominant trees will eventually emerge from densely stocked stands (Oliver and Larson 1996) , the high inter-tree competition will force trees to invest resources into height growth at the expense of stem and root development, creating slender trees. Compression wood has been associated with dense stands (Pillow and Luxford 1937) and is a serious defect in sawn timber (Timell 1986; Panshin and de Zeeuw 1980) . It is thought to form as a result of phototropic movements in response to the intense competition for light (Barger and Ffolliott 1976) . It is hypothesised that trees are more likely to lean as a result of these movements to exploit the limited space in a crowded canopy, resulting in compression wood forming to negate the imbalance (Reader and Kurmes 1996; Cameron and Thomas 2008) . The relationship between early intense competition experienced in naturally regenerated stands of Sitka spruce and the presence of compression wood has not been studied. The aim of this investigation was to study the wood properties of 40-year-old Sitka spruce grown from densely stocked, natural regeneration with and without early re-spacing.
Methods

Study site and treatments
The study site was located in Ae Forest in Dumfries and Galloway (55°12′ N, 3°37′ W). The topography is level to slightly sloping to the west and south with a mean elevation of 214 m. Soils are mainly peaty ironpans with smaller areas of surface water gleys. Annual mean rainfall is 1,380 mm. The site has a history of wind damage, and after the extensive damage to the existing stand in a storm in 1968, the remaining trees were felled shortly afterwards. Extensive natural regeneration colonised the site and a randomised experiment was set up in 1973 with the original aim of studying the effects of re-spacing on growth (Mason 2008) . The experimental area consisted of approximately 1.6-m-tall regeneration of Sitka spruce (probably Queen Charlotte Islands provenance) with an average stocking density of 27,000 stems ha −1 into which four re-spacing treatments (selective and mechanical respacing, with and without chemical follow-up treatment of unwanted re-growth) and a control (no re-spacing). Only the selective re-spacing (selected for superior height and respaced to 2 m without chemical treatment) and control treatments were used in this study (Table 1) . Records show that by 1997, the stocking density had declined in the control treatment over time as a result of self-thinning to a density not greatly different to that of the re-spaced treatment (2,700 stems ha −1 c.f 1,900 stems ha
) (Mason 2008) . The experiment was closed in 2006 as a result of extensive wind and snow damage resulting in a loss of two of the three blocks. The current study used the treatment plots (0.1 ha in size) from 
Sample trees and measurements
Tree diameter was measured within the treatment plots to determine the diameter range. The first quartile was not used since these trees were suppressed and unlikely to reach sawlog dimensions. Sixteen trees from each treatment (i.e. 32 trees in total) were randomly selected from the remaining quartiles and felled in 2008. Due to the difficult conditions at the site and time constraints on the felling operation, it was not possible to measure height and DBH of the sample trees.
Preparation of wood samples
A half metre stem section was removed from each of the butt logs with the base of sections at approximately 1.5 m from stump height and placed in a covered, well-aired store for initial drying. Due to internal defects, one of the stem sections could not be used in the analysis of wood properties. The 50-cm-long stem sections were air-dried for 3 months. Two 10-cm discs were removed before the remaining section was sawn through in a longitudinal direction down the middle of the log to reduce radial and tangential stresses associated with cracking and splitting. All samples were placed in a dehumidifying room and equilibrated to 12 % moisture content. Figure 1 shows the location of the test samples used in the experiment. Compression wood was measured on 3-mm cross-sectional slices (15 and 16 each from the control and re-spaced treatments) removed from stem sections, soaked for 48 h and placed on a transmitted light table. Compression wood appears as an opaque brown-red colour (Pillow 1941) . The relatively indistinct colour of the latewood in Sitka spruce makes identification of compression wood relatively straight forward. Confirmation of the presence of compression wood was made by taking thin transverse sections from the 'coloured' and 'normal' areas of the sample discs and examining these under a microscope. Observations made on samples from the 'coloured' wood revealed cells with thick walls in both early and late wood, and rounded tracheids with intercellular spaces feature characteristic of compression wood (e.g. Dinwoodie 2000). The area of compression wood was measured and expressed as a proportion of stem crosssectional area. Due to the difficulties in visually identifying compression wood, no distinction was made in the intensity observed. Grain angle measurements were made on 10-cmthick discs split longitudinally through the pith in a northsouth direction. Grain angle was measured on the open face of one of the halves using a modified protractor fitted with a pendulum (Brazier 1965) . This was done by first levelling the stem section so that its outer stem surface was vertical. The angles at the 9th (juvenile) and 20th (mature) rings on both sides of the pith were measured and average values determined.
Measurements of wood properties
Small clear samples (20×20×300 mm) were cut from the remaining part of the stem section: four samples each from the juvenile and adult wood-based on an approximate boundary between juvenile and adult wood at rings 12 to 13 from the pith (Cameron et al. 2005) (Fig. 1) . Samples from the juvenile and mature wood were centred on the 9th and 20th rings, respectively. There were 120 and 128 samples available for the control and re-spaced treatments respectively. MOE and MOR were determined by three-point bending on an Instron 4483 strength testing machine according to the procedure described by Desch and Dinwoodie (1996) . Samples were Fig. 1 Source of wood samples from the 50-cm stem sections used for measurements on compression wood, grain angle, ring width, density, MOE and MOR. Measurements are in millimetres oriented with the grain perpendicular to the load. MOE and MOR were calculated from the results of the static bending test. A small 20-mm section was removed from the ends of the tested small clear samples and density determined by the water displacement method (Olesen 1971) .
Radial-longitudinal microscopic sections were prepared from the samples used to directly measure density for the measurement of microfibril angle (MFA). This was done by measuring the angle of the 'slits' of the cross-field bordered pits on captured images using ImageJ software (vs 1.42, NIH, USA). Given the time-consuming nature of these measurements, samples were used from ten randomly selected trees from each treatment. A minimum of five slides were prepared from each wood sample, and between three and ten MFAs, measurements were made from each slide. Average values for each wood sample were used in the statistical analysis.
Itrax measurements
Samples were also analysed using a scanning X-ray densitometer Itrax Multiscanner (Cox Analytical Systems, Gothenburg) system. Radially diametric longitudinal sections were cut from each sample disc. The samples were prepared in an automated precision twin-blade circular saw to produce pithto-bark strips measuring 2 mm in the longitudinal direction and 20-30 mm tangentially. Before scanning, the specimens were conditioned in the Itrax chamber at approximately 20°C and 10-15 % relative humidity for several hours, resulting in a testing moisture content of approximately 4 %. A digital micrometre was used to record the thickness (nearest 0.001 mm) at four positions along the length of each sample to account for dimensional variation along the sample length. Samples were scanned in the radial-longitudinal direction at 50-μm resolution. A cellulose propionate wedge of known density and thickness was scanned with the samples in order to calibrate the density measurements from each batch. The attenuated X-ray beam was recorded by an electronic detector, and the resulting greyscale image (microradiograph) was analysed using WinDENDRO image analysis software (Régent Instruments Inc., Quebec City, Canada), which converts the grey intensity levels to actual density values for each annual ring using the average thickness of each sample. WinDENDRO demarcates annual ring boundaries and calculates the minimum and maximum density and the mean earlywood and latewood density values for each ring, which depends on a user-defined threshold setting. Density values were not weighted by ring surface area.
Statistical analyses
Due to the experimental limitations described above, a number of assumptions were made regarding the statistical analysis. The two treatment plots (no re-spacing and re-spaced) were used as discrete populations from which the samples were randomly selected (N 1 =16; N 2 =16). Given that the two plots (populations) were physically separated, it was assumed that the treatments were independent of each other. It was also assumed that the uniformity of the site conditions would allow environmental effects to be ignored. Statistical analysis involved one-way analysis of variance between treatments (no re-spacing and re-spaced) and between wood types (juvenile and mature wood). Means, standard errors of the means and p values were calculated for all variables using IBM SPSS Statistics version 19 (SPSS 2010). Associations among the measured parameters of juvenile and mature wood were carried using Pearson correlations. MFA data were normalised using a log10 transformation before statistical analyses.
Results
Directly measured wood properties
Values for the directly measured wood properties associated with timber stiffness and strength are shown in Table 2 . The juvenile and mature wood of the control treatment was significantly denser than that observed in the re-spaced treatment. There was no difference in the density, MOE and MOR between the juvenile and mature wood of the control treatment. The mature wood of the re-spaced treatment was denser and stiffer (MOE) than the juvenile wood. The re-spaced treatment had a lower density in both the juvenile and mature wood than the control treatment. MOE and MOR were also lower in the re-spaced trees in comparison with the control.
3.2 Itrax-derived wood properties Figure 2 shows the variation in mean annual radial increment over time for each treatment measured using the Itrax Multiscanner. Since the lower surface of the sample stem sections were located 1.5 m from the base of the tree, the lowest cambial age on the graph approximately represents the time when the re-spacing treatment occurred. Re-spacing had the effect of enhancing growth for around five or so years following the intervention; then, it declined to form a level slightly below that of the control trees. The control treatment had a lower mean ring width in the juvenile wood and higher in the mature wood in comparison with the re-spaced treatment (Table 3 ). The width of earlywood and latewood within the juvenile and mature zones are best described when expressed as a percentage of the annual ring as latewood. There is no difference between treatments for the proportion of mature wood, whereas the control treatment had a higher proportion of latewood in the juvenile zone in comparison with the re-spaced treatment. The Itrax-derived values for mean ring density (Table 4 ) indicated that the juvenile wood of the re-spaced treatment had a lower density than that of the control, whereas there were no differences between treatments in mature wood mean ring density. When considering the early-and latewood individually, there were no differences in density of the earlywood in both the juvenile and mature wood between treatments, whereas latewood density was lower in both the juvenile and mature wood of the re-spaced treatment in comparison with the control.
Juvenile wood proportion, grain angle and compression wood content
The control treatment had a significantly lower proportion of juvenile wood in comparison with the re-spaced treatment (Table 5 ). There were no differences in grain angle at the 9th (juvenile wood) and 20th (mature wood) rings between treatments. There was significantly more compression wood associated with the control treatment in comparison with the respaced treatment.
Microfibril angle
Microfibril angle (MFA) was significantly lower in the juvenile wood of the control treatment in comparison with the respaced treatment (Table 6 ). There were no differences in MFA in the mature wood between treatments. While there was the anticipated lower MFA observed in the mature wood in comparison with the juvenile wood, this was only significantly different for the re-spaced treatment.
Correlations
Correlations made on all data highlighted strong positive relationships between MOE and MOR (r=0.80), directly measured density (r=0.84), mean ring density (Itrax) (r= 0.80), and negative correlations between MOE and ring width (r=−0.51) and earlywood ring width (r=−0.54) (c.f latewood r=−0.14). Increasing ring width had a strong negative effect on MOE of the juvenile wood of the re-spaced trees (r= −0.74), whereas it had no effect on the control trees (r= −0.19). Increasing ring width had a strong negative effect on the proportion of latewood formed in the juvenile wood of the control and re-spaced treatments (r=−0.63 and −0.66, respectively); however, the association was weaker in the mature wood (r=−0.38 and −0.25, respectively). Compression wood content was significantly correlated with mature wood ring width and early wood width (r=0.55 and 0.51, respectively), whereas similar associations were not evident in the juvenile wood (r<0.06). Compression wood was not associated with density, MOE and MOR (r=−0.05, −0.16 and −0.07, respectively). There were no significant associations between grain angle and other wood properties for both treatments. Separate correlations carried out on the sub-sample of MFA data for all treatments indicated relatively weak relationships with MOE for the juvenile wood of the control treatment (r=−0.36) and 
Discussion
While there were limitations to this study, primarily due to the availability of only one replicate of the experiment and that the sampling was made at one height within the tree, it has nevertheless highlighted some interesting consequences of high initial stocking densities and early re-spacing on wood properties of Sitka spruce. These findings have practical implications for the management of dense natural regeneration. The initial phase of growth of the control treatment (no respacing) was restricted by the intense inter-tree competition; however, the stand did not move into a period of stagnation seen in some species (Oliver and Larson 1996) . In its native range in North America, local dominants within dense Sitka spruce regeneration have been observed to emerge at an early age (Peterson et al. 1997 ). In the current study, trees within the control treatment clearly encountered intense early competition that resulted in restricted growth during the period of juvenile wood development (Table 3 and Fig. 2) ; however, the greater ring width recorded in these trees during the mature phase of growth (rings 13+ from pith) in comparison with the re-spaced trees may point to local dominants emerging from the dense regeneration at a relatively early stage, based on the view that dominants are more vigorous than their immediate neighbours. The juvenile wood formed in the control trees under these conditions had values of density, MOE and MOR similar to those of the mature wood (Table 2) , whereas density and MOE of the juvenile wood of the re-spaced trees were inferior to those of the mature wood. McLean et al. (2011) observed a broadly similar effect in a study on the wood properties of several naturally regenerated tropical species from primary forest and the same species growing under more widely spaced plantation conditions.
Given that grain angle was too low in both treatments to significantly influence strength (e.g. Dinwoodie 2000) and that the use of 'defect-free' samples removed the influence of knots (presence of compression wood was not taken into account), density is likely to be an important factor in determining MOE. The observed differences in directly measured wood density between treatments were relatively small; however, comparatively small changes in density can be associated with considerably larger changes in mechanical properties (Zhang 1997) . Microfibril angle (MFA) is also known to be an important factor in determining stiffness in Sitka spruce wood (McLean et al. 2010) . While in the current study, MFA was significantly lower in the control in comparison with the respaced treatment (Table 6 ), MFA and MOE were only weakly Table 4 Itrax-derived mean values for ring density, earlywood density and latewood density within the juvenile wood (1-12 rings from pith) and mature wood (13+ rings from pith) from naturally regenerated Sitka spruce originally established with and without re-spacing
Treatment
No. of trees Ring density (g cm NS not significant *p<0.05; **p<0.01 and ***p<0.001 indicate differences between treatments and between juvenile and mature wood characteristics correlated. This suggests that variations in MFA observed between treatments did not seem to explain the differences in stiffness observed. The most likely reason for the observed lower density and corresponding reduction in the strength properties of the wood of the re-spaced trees in comparison with the control is the significantly lower proportion of latewood observed in the juvenile wood of the re-spaced trees (Table 3) . Renninger et al. (2006) observed the relationship between increasing growth rate following release from suppression and a decrease in the proportion of latewood and a corresponding decline in density in Douglas fir and western hemlock. The trees used in their investigation were much younger (<20 years old) than used in the study reported here (∼40 years old) suggesting that their findings primarily relate to the juvenile zone. The cause of this reduction in density and mechanical strength in the respaced trees is thought to be a result of the dramatic change in the growing environment following release from suppression. Released trees will rebalance their leaf area with the sapwood area, so as leaf area and photosynthetic capacity increases, sapwood area also increases (Renninger et al. 2007 ). The process of increasing water transport capacity is achieved by increasing the area of sapwood by increasing annual ring width and/or making the wood produced more conductive. An increase in ring width has to be balanced by the limits of the resources available to make the new wood and this may result in a decline in density, and making wood more conductive requires a lower proportion of latewood to form also reducing density (Domec and Gartner 2002) . This was observed in the current study where, in comparison with the control trees, there was less latewood formed in the juvenile wood of the re-spaced trees (Table 3 ) and this latewood was less dense (Table 4) . This difference in latewood density was also observed in the mature wood. It has been reported that trees under moisture stress initiate latewood earlier than wellirrigated trees (e.g. Cregg et al. 1998) and it is possible in the current study that the dense regeneration on an open site could have been affected by moisture stress leading to the earlier formation of latewood. A greater proportion of latewood would result in higher wood densities in suppressed trees and a greater water storage capacity given that latewood has a higher storage capacity than earlywood (Domec and Gartner 2002) .
The higher level of compression wood observed in the control trees compared with the re-spaced trees may be due to the slenderness of the stems and the greater propensity to sway and bend (e.g. Timell 1986) . A slenderness ratio (height/ diameter) of greater than 80 is considered to be unstable, and a ratio of over 100 is identified as a value that places trees at high risk of damage (Burschel and Huss 1987; Oliver and Larson 1996) . It is likely that the lack of conventional thinning was the cause of the very slender stems observed rather than the effects of initial treatments. Height and diameter data from the same experiment described by Mason (2008) reveals that by 1986, 13 years after the start of the experiment when the estimated age of the trees was around 17 years old (based on the assumption that most of the regeneration established immediately following the clearance of the site in 1968 and 1969), the slenderness ratio of the control trees was 125 whereas it was only 93 in the re-spaced stand. These values indicate that trees within the control treatment were very slender at a young age and therefore more prone to bending within the canopy, and hence the higher level of compression wood observed in the stems (Table 5) formed to correct this lean (Barger and Ffolliott 1976; Reader and Kurmes 1996) . Given that height growth is important to trees subject to competition for light and commands the second highest priority for photosynthates after respiration (Smith et al. 1997) , it is not surprising that trees in dense stands are forced to overcome competition through height growth, with the possibility of the stems bending towards the available light (Barger and Ffolliott 1976; Reader and Kurmes 1996) . Higher growth rate in un-thinned stands is known to be associated with greater compression wood formation (Cameron and Thomas 2008) , and this concurs with findings in the current study where compression wood content was significantly correlated with increasing ring width and early wood width in the mature wood (r=0.55 and 0.51, respectively). Interestingly, compression wood was not associated with density, MOE and MOR, which may suggest that it was in a relatively mild form. Watt et al. (2006) examined MOE, density and stem slenderness in relation to critical buckling height in young P. radiata trees. They hypothesised that, for a given mass, increasing slenderness will result in greater compressive stresses in the stem and that trees react to this increased loading by forming wood with a higher MOE, possibly through a reduction in the MFA of the cell wall. An increase in MOE would in turn increase the critical compressive stress that the stem can withstand before it buckles under its own weight. While the effects of slenderness on wood properties were not the primary focus in the current study, the findings presented here are consistent with the theory that trees may be reacting to increased loading for a given stem diameter by altering the properties of the wood to compensate, resulting in the observed higher levels of density and stiffness in the juvenile core of the control trees.
The data presented here suggest that very early re-spacing may lead to the development of a relatively large juvenile core of wood that is less stiff than if the regeneration was left untouched. It appears that dominants should be allowed to emerge naturally in dense natural regeneration and that an early thinning should be carried out only after the main period of juvenile wood formation-say at between 15 and 20 years old depending on growth rate-to promote stem taper and growth of the mature wood. It is recognised, however, that thinning such dense stands will be problematical. Thinning should continue at regular intervals to maintain stand stability and growth rate (Cameron 2002) . Further research is required on other sites to support these initial findings and to better understand the relationship between initial stocking density, early re-spacing and wood properties in naturally regenerated stands.
